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Bicarbonate reabsorption and NHE-3 expression: Abundance The maintenance of a correct acid-base balance is es-
and activity are increased in Henle’s loop of remnant rats. sential for normal cell function. The kidney plays a cen-
Background. The bulk of bicarbonate reabsorption along the tral role in this process through several mechanism(s)loop of Henle (LOH) is localized at the level of the thick as-
including the almost complete tubular reabsorption ofcending limb (TAL) and is mainly dependent on the presence of
filtered bicarbonate. While various nephron segmentsluminal Na-H exchanger (NHE-3). We investigated whether
the reduction of renal mass is associated with alterations in participate in this task, there is general agreement about
LOH bicarbonate transport coupled to changes in NHE-3 gene the importance of the proximal tubule in bicarbonate
expression and in vivo activity. reabsorption [1]. However, other downstream segmentsMethods. Sham-operated and remnant rats (4/6 nephrec-
participate in this process as well [2]. In the last few yearstomy) were studied 15 days after the surgery. To measure net
we have demonstrated that the loop of Henle (LOH),bicarbonate reabsorption (JHCO3 ) superficial loops were per-
fused by in vivo micropuncture. Perfusate was an end-like under normal conditions, is able to reabsorb about 15%
proximal solution containing 3H-methoxy-inulin. NHE-3 gene of the filtered bicarbonate load [3]. Subsequent studies
expression was quantified by competitive PCR using an internal also have clarified that this transport is closely linked tostandard of cDNA that differed from the wild-type NHE-3 by
systemic acid-base status and dependent on other factorsa deletion of 76 bp. Western blot experiments were performed
proven to modulate sodium transport such as angiotensinon TAL suspension using anti-NHE-3 antibodies.
Results. At various LOH bicarbonate loads, JHCO3 was II, steroid hormones, the sympathetic nervous system
constantly larger in remnant rats as compared to sham-oper- and sodium dietary [4–6]. At the molecular level, in vivo
ated animals. NHE-3 mRNA abundance was estimated to be perfusion studies of the LOH have identified the Na-H0.339  0.031 attomoles (amol)/ng1 total RNA in sham-oper-
exchanger (NHE) as the major proton secreting mecha-ated (N  5) and it increased to 0.465  0.023 in remnant
nism responsible for bicarbonate reabsorption [3], thusrats (N  5, P  0.01). Western blot experiments showed a
significant increase of NHE-3 protein abundance in TAL of confirming previous experiments performed in vitro on
remnant rats as compared to sham-operated animals. Finally, isolated thick ascending limbs (TAL) [7]. This antiporter
by means of a specific NHE-3 inhibitor, S-3226, in vivo micro- is a ubiquitous membrane protein that pumps protonsperfusion experiments demonstrated that NHE-3 in vivo activ-
against an electrochemical gradient utilizing a downhillity along the LOH was substantially increased in remnant rats
sodium gradient. Starting from the seminal work of Sardet,in addition to the non-NHE-3 bicarbonate transport.
Conclusions. These data indicate that the reduction of renal Franchi and Pouyssegur, at least five plasma membrane
mass increases mRNA, protein abundance and in vivo activity isoforms (NHE) have been cloned [8]. Along the TAL,
of NHE-3 along the TAL. This may explain, at least in part, NHE-3 has been localized to the luminal membrane andthe augmented transepithelial bicarbonate transport along the
has been identified as the major proton secreting NHELOH. Such an effect will counterbalance the increased glomer-
along this segment [9]. In addition, NHE-2 has been foundular bicarbonate load, thus preventing urinary bicarbonate loss
and mitigating the ensuing metabolic acidosis. along the TAL [10]. The role of NHE-2 is unknown but
it has been postulated to offset the loss of function of
NHE-3 [11].
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segments starting from the pars recta of the proximal hypertrophy. The left kidney was exposed by a flank inci-
sion; and with the aid of a binocular surgical microscopetubule (S3) to the early distal convoluted tubule. Mea-
surements of bicarbonate reabsorption from experiments the lower branch of the left renal artery was identified
and tied tightly with a silk suture. This caused an immedi-performed in vitro on rat S3 [12] and TAL [13] show
that these two segments combined can account for a rate ate infarction of the lower pole of the left kidney. The
two flank incisions were closed with metal clips. In theof bicarbonate reabsorption similar to that observed in
the superficial LOH in vivo. However, since the tubular sham-operated animals, after general anesthesia, the kid-
neys were exposed through two flank incisions and thefluid that enters the pars recta has a bicarbonate concen-
tration close to the limiting transepithelial gradient, it is abdominal cavity closed by metal surgical clips. After sur-
gery the sham-operated and the remnant rats were allowedprobable that the S3 segment contributes only a small
fraction to loop bicarbonate reabsorption under normal free access to water and rodent chow up to the time of the
experiments (14 to 15 days from the surgical procedure).conditions. Thus, the TAL is the most important tubular
segment reabsorbing bicarbonate during perfusion of the All of the experiments were performed following ap-
proval by the Animal Care Committee of the ItalianLOH, and any change in the activity of NHE-3 along
the TAL will substantially affect the LOH bicarbonate Ministry of Research.
transport rate.
In vivo studies:The reduction of renal mass is followed by adaptive
Microperfusion and clearance experimentschanges in the surviving nephrons: the glomerular filtra-
tion rate at the level of single nephron will increase Microperfusion studies. The two groups of animals
(sham-operated and remnant rats) were anaesthetized[14], causing an increased tubular load of filtered ions,
including bicarbonate. To preserve acid-base balance it intraperitoneally with Inactin (Sigma Aldrich, Diesen-
hofen, Germany) using a dose of 120 mg/kg body weight,is obvious that, at the single nephron level, the reabsorp-
tion rate of bicarbonate should rise. Such an effect has tracheotomized, placed in the right lateral position on a
thermoregulated table (37C) and prepared for micro-been described along the proximal and distal tubule
[15, 16]. Based on our previous observations on the im- puncture as previously described [3]. In brief, the right
carotid artery was catheterized to record blood pressure,portance of the LOH in the reabsorption of bicarbonate,
we investigated whether the LOH may be an additional and blood was taken for measurements of hematocrit,
arterial pH, inulin and electrolyte concentrations. Thetubular reserve for the maintenance of an appropriate
acid-base equilibrium in the presence hyperfiltration due left jugular vein was cannulated with PE-50 tubing and
used for intravenous (IV) infusion via a syringe pumpto reduced renal mass. Moreover, using quantitative PCR
and Western blot techniques at the TAL level, we studied (Braun Apparatus) of a modified Ringer-saline solution
(125 mmol/L NaCl  25 mmol/L NaHCO3) at a rate ofthe contribution of NHE-3 to this response. Finally, the
availability of a specific NHE-3 inhibitor has prompted 24 L/min/100 g. Urine was drained with PE-10 tubing
from the ureter of the left kidney which had been ex-us to investigate the role of NHE-3 in vivo. The results
indicate that bicarbonate transport is increased along posed through a flank incision, freed of perirenal fat and
immobilized in a lucite chamber with 3% Agar in 0.9%the LOH of remnant kidneys. This effect is dependent
on increased mRNA, protein abundance and in vivo saline. Throughout the experiment the kidney was bathed
with prewarmed (37C) paraffin oil.activity of NHE-3 along the TAL. The resulting aug-
mented bicarbonate transport will avoid the urinary bi- Continuous microperfusion of superficial loops of
Henle was performed in vivo to measure bicarbonatecarbonate loss, thus ameliorating the metabolic acidosis
caused by the reduced number of functioning nephrons. and fluid transport under conditions of fixed flow rate
and bicarbonate delivery. To carry out the micropuncture
experiments, a perfusion pipette was inserted into the
METHODS
last surface loop of the proximal tubule and a castor oil
Surgical preparation of the animals block was placed upstream of the perfusion pipette. To
mimic the tubular flow rate in the surviving nephrons ofAll studies were performed on adult, male Sprague-
Dawley rats (200 to 300 g body weight; Harlan Labs, the remnant kidneys, microperfusion was started at 40
nL/min with a thermally shielded microperfusion pumpMilano, Italy) grouped in cages at 21C. The animals were
anesthetized with an intraperitoneal injection of keta- (Hampel, Frankurt, Germany). The perfusion solution con-
tained the following (in mmol/L): 128 NaCl; 16 NaHCO3;min (60 mg/kg plus xilazine 10 mg/kg body weight). The
abdomen was shaved and disinfected with alcohol. Through 3.8 KCl; 1 MgCl2; 0.38 NaH2PO4; 1.62 Na2HPO4. Exhaus-
tively dialyzed 3H-metoxy-inulin (50Ci/mL) was added toa flank incision the right kidney was visualized, released
from its attachment to the adjacent tissue and surgically the perfusion solution to measure fluid transport. FD&C
(0.07%) blue dye was used to color the perfusate. Aremoved after the tight ligature of its vascular pedicle
and ureter. It was weighed for later assessment of renal collection pipette was inserted at the early distal segment
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that had been identified by injecting a small droplet of fluid delivered directly into counting vials for measure-
ments of 3H-methoxy-inulin concentrations. Net fluid ab-oil in the proximal tubule. A castor oil block, distal to
the collection site, prevented contamination by fluid from sorption (Jv, nL/min) was the difference between perfu-
sion and collection rates. The volume of the collectedmore distal nephron segments. Replacing NaCl with
NaHCO3 in the perfusion fluid, without altering total fluid was measured with a calibrated capillary. Net bicar-
bonate (JHCO3 pmol/min) reabsorption was calculatedosmolality, assessed load-dependence of bicarbonate trans-
port in both groups of rats. At the higher bicarbonate from the amount of ions delivered in the perfusion pi-
pette minus the amount collected in the collection pipetteconcentrations these substitutions resulted in a decrease
in luminal [Cl]. according to the following formulae:
Transport data are given per individual loop. It has
JHCO3  (Cp  Vp)  (Cc  Vc)been shown that the cortical LOH is a nephron segment
of essentially constant length (ca. 6 to 7 mm) [17], although where Cp and Cc are the bicarbonate concentrations of
the perfused and collected fluids, and Vp and Vc are thethis may not be completely true for the remnant kidneys.
Whole kidney clearance. Glomerular filtration rate perfusion and the collection rate. A sample collection
was considered acceptable if the calculated perfusion(GFR) was measured in similar groups of animals. The
animals received food and drinking water up to the time rate (Vp) was within 15% of the calibrated microperfu-
sion pump rate.of the study. They were anesthetized intraperitoneally
with Inactin (Sigma Aldrich) using a dose of 120 mg/kg
Molecular biology experimentsbody weight, tracheostomized, placed on a thermoregu-
lated table (37C) and prepared for renal clearance. In Isolation of thick ascending limb (TAL) tubules. The
animals were anaesthetized (Ketamin 60 mg/kg bodybrief, the right carotid artery was catheterized to record
blood pressure and take blood samples for measure- weight plus xilazine 10 mg/kg). The left kidney was re-
moved and washed in ice cold dissection solution con-ments of acid-base parameters and inulin concentrations.
The left jugular vein was cannulated with polyethylene taining (mmol/L): 137 NaCl, 5.4 KCl, 25 NaHCO3 , 0.3
Na2HPO4, 0.4 KH2PO4, 0.5 MgCl2, 10 Hepes, 5 glucose,PE-50 tubing and used for intravenous infusion via a
syringe pump (Braun, Melsungen). After a priming dose 1 glycine, at pH 7.4. The isolation of TAL tubules was
performed according to the method described earlier byof 20 Ci 3H-methoxy-inulin in 0.5 mL 0.9% saline, the
maintenance modified Ringer-bicarbonate solution de- Trinh-Trang-Tan et al [18] and modified by Borensztein
et al [19]. Small pieces of inner stripe of the outer medullalivered 3H-methoxy-inulin at 20 Ci/h IV. The surgical
procedure also included bladder catheterization with were cut under the stereomicroscope and incubated for
30 minutes at 37C in the microdissection solution con-PE-50 tubing. After a 60-minute equilibration period, the
first of three 30-minute urine collections began. Arterial taining 0.5 mg/mL collagenase, continuously bubbled
with 95% O2  5% CO2. After the digestion, the tissueblood samples (100 L) were taken at the start and end
of each collection period. was washed with ice-cold collagenase-free dissection so-
lution, containing 1 g/L albumin. The TAL tubules wereAnalytical methods. Tubule fluid total CO2 concentra-
tion was measured by microcalorimetry (Picapnotherm; separated from other cells and fragments by filtrating the
supernatant through an 80-m nylon mesh (Millipore,WPI, New Haven, CT, USA). To avoid loss of CO2, all
mineral oil used (to bathe the kidney surface, to collect Bedford, MA, USA).
RNA purification. Total RNA (2.5 to 3.0g) was puri-tubule fluid samples and to cover samples for measure-
ments) was equilibrated to cortical carbon dioxide tension fied from TAL. After isolation, the tubules were trans-
ferred into 350 L of lysis buffer containing guanidinium(pCO2) values with a solution containing 100 mmol/L
HEPES buffer and 48 mmol/L NaHCO3 equilibrated isothiocyanate and	-mercaptoethanol. The lysate material
was loaded on a silica gel-membrane (Qiagen, Chatsworth,with 6.7% CO2. Each sample analysis was bracketed by
running standards of known NaHCO3 concentration. The CA, USA) that specifically binds the total RNA. The
membrane was washed three times and the total RNA wasblood acid-base status was measured with a blood-gas
analyzer (ABL 300, Radiometer, Copenhagen). 3H-meth- eluted in 50 L of diethyl-pyrocarbonate 1 g/L (DEPC-
water). Possible contamination from genomic DNA wasoxy-inulin was measured by a liquid scintillation counter
(Perkin-Elmer). prevented by incubation with 5 U ribonuclease-free de-
oxyribonuclease I (Promega, Charbonnie`res, France),Calculations. Glomerular filtration rate was calculated
using standard clearance formulae. In the microperfu- for 30 minutes at 37C. The enzyme was inactivated by
heating at 70C for five minutes; thereafter a secondsion experiments the perfusion rate achieved in vivo was
obtained from the rate of fluid collected from the early purification run was performed as detailed before. The
concentration and purity of RNA was determined bydistal tubule, multiplied by the ratio of inulin concentra-
tions in collected/perfused fluids (TF/P inulin). The perfu- measuring its absorbance at 230 and 280 nm using a
GeneQuant RNA/DNA calculator (Pharmacia Biotech).sion pump was calibrated by timed collections of perfusion
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Reverse transcription. cDNA was synthesized from (620 bp). The PCR products were separated on 18 g/L
agarose gel and stained by ethidium bromide. The gelequal amounts of total RNA using: 200 U murine leuke-
mia virus (MMLV) reverse transcriptase (Gibco BRL, was photographed and the quantification of the fluores-
cence intensity of PCR products was performed on NIHEggenstein, Germany); 10 pmol antisense NHE-3 spe-
cific primers; 10 mmol/L dithiothreitol (DTT); 2.5 mmol/L Image 1.60. The amount of NHE-3 mRNA was calcu-
lated using a log-log scale plot of the ratio of PCR prod-dNTP (Pharmacia, Uppsala, Sweden) in a total volume
of 20L. Before the addition of reverse transcriptase (RT) ucts versus the known amount of internal standard used
in the competitive PCR reactions. To correct for thethe reaction mixture was incubated at 70C for three
minutes to allow the primers to anneal to the poly(A) difference in molecular weight, fluorescence data ob-
tained from the competitive template were multipliedtail of mRNA. cDNA was synthesized at 37C for one
hour. Controls, incubated as above, but without addition by 620/546. When the wild-type and competitive PCR
products were equivalent [log (ratio)  1], the amountof reverse transcriptase, were included in each run.
Polymerase chain reaction. Polymerase chain reaction of wild-type NHE3 mRNA present in the initial sample
was equal to the known starting amount of competitive(PCR) reactions were performed in a total volume of 50
L in the presence of: 10 pmol of each oligonucleotide template. Results are expressed in attomoles of NHE-3
per nanogram of total RNA (amol/ng).primer, 200 mmol/L dNTP, 5 L of 10 PCR buffer,
1.5 mmol/L MgCl2 and 1.25 U Taq polymerase. PCR was Western blot analysis of NHE-3 protein abundance on
TAL membranes. The preparation of TAL membranesperformed using the following primers: 5
-ACCACGTC
CAGGATCCATACA-3
 (sense) and 5
-CACGAAG was obtained following the method described by Lagh-
mani et al [20]. TALs were frozen at 80C, disruptedAAGGACACT ATGCC-3
 (antisense). The expected
size of the PCR product was 620 bp. Samples were first with a potter homogenizer at 4C in 50 mmol/L Tris-HCl
membrane buffer containing in g/mL: 50 4-(2-amino-denatured at 95C for three minutes, and followed by
33 cycles consisting of denaturing at 95C (1 min), anneal- ethyl)-benzenesulfonyl fluoride (AEBSF), 2 leupeptin,
2 aprotinin and then centrifuged at 10,000  g for 15ing at 55C (30 sec), and extension at 72C (1 min).
After amplification, PCR products were subjected to size minutes at 4C. The supernatant was centrifuged at
100,000  g for 20 minutes (L70 Ultracentrifuge; Beck-separation by agarose gel electrophoresis (18 g/L1).
Internal standard preparation. Total RNA (300 ng) man). Pellets were resuspended in membrane buffer and
the protein concentration was determined by Bradfordpurified from the TAL tubule suspension was submitted
to reverse transcriptase using the oligo(dT)12-18 primer assay. In order to evaluate the abundance of NHE-3, 10g
of proteins obtained from sham-operated and remnant(Gibco, BRL). Then the cDNA was amplified using the
following primers: sense, 5
-ACCACGTCCAGGATC rats, were diluted in 5 loading buffer (10 g/L SDS, 10%
glycerol, 1% 2-mercaptoethanol, 5 mmol/L Tris-HCl pHCATA CA-3
; linker antisense, 5
-GGACACTATGCC
GTCACCGCGTCATTAA-3
. The expected size was 6.8), boiled for 10 minutes and separated on two 8%
sodium dodecyl sulfate-polyacrylamide gel electrophore-546 bp. PCR was performed as described before and the
PCR product was re-amplified a second time utilizing sis (SDS-PAGE). After electrophoresis, the first gel was




-CACGAAGAA mitted to electroblotting in order to transfer the proteins
onto a polyvinylidine difluoride (PVDF) membrane thatGGACACTAT GCC-3
. This product was analyzed by
agarose gel electrophoresis (18 g/L) and it was recovered was washed with phosphate-buffered saline (PBS). After
the wash, the membrane was incubated with blockingfrom the gel using the agarose gel DNA extraction kit
(Boehringer Mannheim, Mannheim, Germany). The con- buffer (2 g/L high purified casein, 1 g/L Tween-20 in PBS)
for one hour and then probed for one hour with a rabbitcentration and purity were determined by measuring the
absorbance at 230 and 280 nm. polyclonal anti-NHE-3 antibody (against epitope DSFL
QADGPEEQLQ) diluted 1:1000 in 10 mL of blockingQuantification of NHE-3 mRNA. A competitive PCR
was performed using as templates the internal standard buffer. Secondary goat anti-rabbit IgGIgM alkaline phos-
phatase conjugate was diluted 1:5000 in 5 mL of block-of 546 bp and the cDNA obtained from 250 ng of total
RNA, extracted from TAL. The primers yielded prod- ing buffer and added for one hour after two washes in
20 mL of blocking buffer. The last washing was performeducts of 620 bp and 546 bp for the wild-type and internal
standard, respectively. Six to seven competitive PCRs three times with 20 mL of blocking buffer and finally
detection was obtained with a CSPD chemiluminescentwere performed by adding decreasing amounts [from
2.393 to 0.159 attomoles (amol)] of the competitive tem- substrate (Tropix Inc., Bedford, MA, USA). To test for
equal loading of proteins (10 g) anti 	-actin antibodyplate to replicate reactions containing identical amounts
of TAL cDNA. A progressive decrease of the competitive (Sigma Aldrich) diluted 1:1000 was used. NHE-3 and
	-actin abundance in sham-operated and remnant ratstemplate PCR product (546 bp) corresponds to a pro-
gressive increase of the wild-type template PCR product groups was quantified by densitometric analysis.
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Table 1. Summary of baseline data in each group of rats
Mean BP Blood pCO2 Blood [HCO3 ] GFR
Group N mm Hg Blood pH mm Hg mmol/L mL/min/100 g body weight
Sham-operated 4 1184 7.430.03 42.21.6 26.72.1 1.060.02
Remnant 6 1405a 7.390.03 41.22.6 24.40.7 0.570.05b
Abbreviations are: N, number of animals; BP, blood pressure; GFR, glomerular filtration rate.
aP  0.01, bP  0.001 vs. sham-operated, respectively
Table 2. Effect of changes in bicarbonate load (bicarbonate concentrations) on loop of Henle bicarbonate reabsorption
in sham-operated and remnant rats
Perfusate Perfusion rate Collection rate HCO3 load JHCO3[HCO3 ] Jv FRHCO3
Group N mmol/L TF/P inulin nL/min %nL/min pmol/min
Sham-operated 20 16.30.2 39.10.9 30.80.9 1.280.03 8.40.7 63712 30320 47.13.7
Remnant 27 16.20.1 38.40.9 21.90.9c 1.830.09c 16.51.0c 61816 47820a 77.52.4c
Sham-operated 8 31.90.13 40.11.6 33.81.8 1.200.05 6.31.2 128054 40626 31.53.7
Remnant 17 31.40.1 44.01.2 28.51.6 1.600.06a 15.51.4c 138247 86448c 63.23.5c
Sham-operated 6 64.20.1 42.71.1 37.92.4 1.140.05 4.71.4 274172 52130 19.12.6
Remnant 11 65.20.2a 36.92.0 27.91.8b 1.340.07 9.01.5a 2406137a 929125b 38.14.4a
Abbreviations are: N, number of tubules; TF/P inulin, tubule fluid to plasma inulin concentration ratio; Jv, fluid reabsorption; JHCO3 , bicarbonate reabsorption;
FRHCO3 , fractional bicarbonate reabsorption. Comparison was with the appropriate sham-operated animal after one-way ANOVA; data are meanSEM.
aP  0.05; bP  0.01; cP  0.001
Statistics. Statistical analysis between two groups (mo- of animals. All of the in vivo perfusion experiments were
performed at a perfusion rate of 40 nL/min to matchlecular biology experiments) was performed by the un-
the late proximal tubule luminal flow rate of the hyper-paired Student t test, whereas comparisons among more
filtering nephrons of the remnant kidney. JHCO3 andthan two groups (micropuncture data) were done by one-
Jv along the LOH were measured at three concentrationsway analysis of variance (ANOVA) with post testing by
of luminal bicarbonate, ranging from 16 to 65 mmol/L.Bonferroni test (comparing each remnant group vs. appro-
The present data confirm previous studies in which sig-priate control). All data are expressed as means  SE.
nificant load-dependence of LOH bicarbonate reabsorp-
tion was observed [3]. It is also apparent that, along the
RESULTS LOH, at comparable bicarbonate load both net (Fig. 1)
and fractional (Table 2) bicarbonate transport were sig-Acid-base balance and renal hemodynamic
nificantly increased in remnant kidneys at each bicarbon-Table 1 summarizes arterial blood composition of
ate load. There was also a significant and parallel increasesome animals used in the study. Arterial blood pressure
of Jv (from 8.4  0.7 nL/min in sham operated to 16.5 was significantly higher in the remnant rats; this confirms
1.0 nL/min in remnant kidneys, P  0.001). The increaseprevious data. The model of remnant kidney obtained
in luminal bicarbonate concentrations tends to decreaseby surgical ligature of a branch of the renal artery is
Jv both in sham-operated and remnant kidneys, an effectcharacterized by a rise in blood pressure at variance with
probably related to the high reflection coefficient forthe surgical ablation model that is normotensive. Arterial
HCO3 or the decrease in luminal [Cl]. This set of exper-pH and plasma bicarbonate showed a tendency to be iments indicates that the reduction of renal mass induces
lower in the remnant rats, indicating a modest metabolic a large increase of bicarbonate and fluid reabsorption
acidosis with pulmonary compensation. Whole kidney along the LOH.
GFR was significantly reduced in remnant kidney as Our previous study demonstrated that most of the
compared to sham-operated kidney. However, since at bicarbonate reabsorption along the LOH is located in
the time of surgery about 33% of the original kidney the TAL and that the apical Na-H exchanger—most
mass was assessed to remain intact, a mean GFR corre- likely NHE-3—mediates it [3]. Therefore, in the next set
sponding to 54% of sham-operated implies that some of experiments, NHE-3 protein and transcript abun-
degree of functional hyperfiltration has occurred in our dance were measured in TAL using competitive PCR
remnant kidney rat model. and Western blot techniques.
Micropuncture results Competitive PCR results
Table 2 summarizes the data about net bicarbonate Figure 2A shows a typical gel for competitive PCR
(representative of 5 experiments): the addition of de-(JHCO3 ) and fluid (Jv) reabsorption in the two groups
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Fig. 1. Bicarbonate reabsorption along the loop of Henle (LOH) in
sham-operated () and remnant () rats measured at different luminal
bicarbonate concentrations. *P  0.05; **P  0.01; ***P  0.001 vs.
appropriate sham-operated; #P  0.05 vs. 16 and 32 mmol/L [HCO3 ]
sham operated, respectively.
creasing amounts of internal standard (546 bp) resulted
in a corresponding increase of the wild-type template
products (620 bp). Figure 2B shows the corresponding
log-log plot. The amount of wild-type mRNA was calcu-
lated when the PCR products of internal standard and
wild type were equated (ratio  1). Figure 3 reports
the results obtained by competitive PCR starting from
known amounts of total RNA. The data show that, in
the range of total RNA used, there was a highly signifi-
cant linear correlation (r  0.98) versus the mRNA for
NHE-3, thus indicating that the competitive PCR experi-
ment can assess NHE-3 mRNA abundance with excel-
lent accuracy.
Using this approach, we examined whether NHE-3
mRNA increases in TAL of rats with reduced renal mass.
The quantification was performed on TAL tubules iso-
lated as described in the Methods section; the total RNA
was purified simultaneously from sham-operated and
Fig. 2. (A ) Ethidium bromide-stained gel for reverse transcriptionremnant rats and the competitive PCR reactions were
(RT) competitive polymerase chain reaction (PCR) analysis. A 546 bpperformed starting from the same amounts of total RNA internal standard cDNA and a 620 bp wild-type cDNA are shown. (B )
(about 250 ng). For each experiment the sham-operated Log-log plot of quantitative fluorescence data of internal standard versus
the ratio internal standard/wild-type mRNA (y 0.58x 0.51; r 0.99).and remnant kidneys were studied in parallel. The results
are shown in Figure 4: NHE-3 mRNA abundance was
0.37 0.03 amol/ng total RNA in TAL of sham-operated
rats (N  5) as compared to 0.47  0.01 amol/ng total
onstrated that as compared to the NHE-3 abundance inRNA in remnant kidneys (N 5; mean SE; P 0.01).
control animals, normalized for 	-actin, increased by 16%Therefore, the reduction of renal mass induces a 27%
in remnant kidneys (P  0.05; N  5).increase in NHE-3 mRNA at the level of TAL.
Micropuncture data using specific NHE-3 inhibitorWestern blot results
Recently Schwark et al showed that 3-[2(3-guanidino-NHE-3 protein abundance was determined by West-
2-methyl-3-oxo-propenyl)-5-methyl-phenyl]-N-isopropyl-ern blot analysis using a rabbit polyclonal antibody. In
idene-2-methyl-acrylamide dihydrochloride (S3226) is aFigure 5A, using TAL tubular membranes, isolated as
specific NHE-3 inhibitor with an IC50 value of 0.23 mol/Ldetailed in the Methods section, it is shown that this
for rat NHE-3 [21]. Its potent NHE-3 inhibition propertyantibody recognized an 86 kD protein (in comparison
already has been assessed in microperfusion studieswith correspondent blue Coomassie stained SDS-PAGE).
Results obtained by densitometric analysis (Fig. 5B) dem- [22, 23]. In this set of experiments the LOH of both sham-
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Fig. 3. Plot of Na/H exchanger-3 (NHE-3) mRNA abundance versus
thick ascending limb (TAL) total RNA. A highly significant linear
correlation (r  0.98) can be seen for the range of total RNA tested
in the present experiments (y  0.07x  1.53).
Fig. 5. (A ) Representative Western blot of TAL membranes obtained
from sham-operated and remnant kidney rats probed with anti-rat
NHE-3 and -actin antibodies. The molecular weight standards are
Fig. 4. Effects of the reduction of renal mass on NHE-3 mRNA expres- shown on the right. (B ) Effects of the reduction of renal mass on the
sion as measured by competitive PCR (**P  0.01 vs. sham-operated). ratio NHE-3/	-actin abundance (*P  0.05, N  5).
operated and remnant rats was perfused with 10 mol/L
of S-3226, a dose that has been demonstrated to inhibit
NHE-3 activity [21]. The results show that S-3226 was
able to significantly reduce JHCO3 both in control (from
267  17 to 189  22 pmol/min, N  7, P  0.01) and in
remnant kidneys (from 426  27 to 281  32 pmol/min,
N  12, P  0.005). However, when the differences be-
tween the respective JHCO3 were calculated (; Fig. 6)
it was apparent that the effect of S-3226 was significantly
(P  0.05) higher along the LOH of remnant kidneys
Fig. 6. Bicarbonate reabsorption along the LOH sensitive to 10mol/Las compared to control LOH, thus indicating a larger in
of the NHE-3 inhibitor S-3226 in control and remnant rats (*P  0.05).
vivo activity of NHE-3 in the LOH of remnant kidneys.
The same experiments clearly indicate that JHCO3 re-
maining after the inhibitor S-3226 is increased markedly
tubule are quite conflicting (see below). Our currentin the LOH of remnant kidneys.
study, using the in vivo microperfusion technique, dem-
onstrates that the LOH indeed participates in the tubular
DISCUSSION compensation in response to an increased bicarbonate
The loop of Henle is a very important site for bicarbon- filtered load; in addition, at the molecular level, mRNA
ate transport; however, its role in the compensatory and protein abundance of NHE-3 is stimulated and this
changes that follow partial loss of renal mass has not been is associated with an increase in NHE-3 activity. These
fully characterized. This is an important issue particularly effects are helpful to compensate for the increased bicar-
bonate load that reaches the LOH, since, as is demon-when considering that the data concerning the proximal
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strated in Figure 1, the LOH reserve to reabsorb bicar- reabsorption in remnant rats. It could be hypothesized
that in remnant rats, the proximal tubule is not ablebonate is extremely high (it does not saturate doubling
the LOH bicarbonate load). to fully compensate for the increased filtered load of
bicarbonate, thus providing an increased bicarbonateFour factors should be considered among the mecha-
nisms responsible for stimulating bicarbonate transport: load that reaches the LOH. However, although several
investigators have measured absolute and fractional(1) tubular hypertrophy; (2) load dependence; (3) hor-
monal action; and (4) metabolic acidosis. proximal tubule bicarbonate reabsorption in remnant
rats, the results have been conflicting. The differencesIt is well established that the loss of renal tissue results
in a variety of functional and morphological adaptive may be attributable to species variation, the time of the
study from the renal ablative procedures, divergences inresponses in the remaining nephrons. The most signifi-
cant adaptation after reduction of the renal mass is an techniques (in vivo vs. in vitro models) and experimental
conditions (status of the extracellular fluid volume). Inincrease in the size of the surviving nephrons, due to
hypertrophy and hyperplasia of glomerular and tubular some studies, fractional bicarbonate reabsorption was
found to be reduced and, therefore, the authors con-components. This adaptive process is associated with
glomerular hyperfiltration and increased transport ca- cluded that proximal tubular bicarbonate reabsorption
is blunted [28]. However, using in vivo micropuncture,pacity of the tubular epithelia. In an in depth study,
Pfaller et al investigated the compensatory hypertrophy Maddox et al measured proximal bicarbonate reabsorp-
tion in remnant kidneys with a time course similar toin different renal cortical structures and showed that
unilateral nephrectomy leads to a differential response our present experiments [15]. Under conditions of euvo-
lemia, they found that absolute proximal tubular bicar-of the various nephron segments [24]. Whereas the proxi-
mal nephron predominantly undergoes radial hypertro- bonate transport increased in direct relation to the in-
crease in filtered load and there was no reduction ofphy with enlargement of tubular epithelial volume, the
distal convoluted segment increases in both volume and fractional bicarbonate reabsorption. These results are in
agreement with other reports indicating increased abso-length, and therefore, displays length hypertrophy. At
the sub-cellular level, adaptation to the loss of renal mass lute rates and unchanged proximal fractional bicarbon-
ate transport [29]. If this is the case, then we speculateis characterized by increases in absolute luminal and
basolateral membrane surface area. Unfortunately, in that the LOH does see an increase in bicarbonate load
in remnant rats, but it has the capacity to reabsorb thetheir article as well as in other published studies there
are no data about the morphology of the TAL after the excess of bicarbonate, thus avoiding the urinary loss of
this ion and preventing the occurrence of metabolic aci-removal of the renal tissue. Nevertheless, it is likely that
the enhanced loop bicarbonate reabsorption observed dosis. Our measurements performed in pump-perfused
segments indeed demonstrate that LOH of remnant ratsin the present microperfusion experiments may largely
result from the increased reabsorptive area, derived from has a large bicarbonate transport reserve appropriate to
prevent urinary bicarbonate loss.the fact that the LOH may hypertrophy both in cell size
and in length. However, our results indicate an increase Several hormones such as insulin, angiotensin II, thy-
roxine, arginine vasopressin and many growth factorsin the NHE-3 activity, protein, and transcript (Figs. 4
and 5). Since the measurement of NHE-3 protein and like hepatocyte growth factor (HGF), insulin growth fac-
tor (IGF-1), epidermal growth factor (EGF), etc., maytranscript are normalized to tissue mass, these findings
point an adaptive increase in the number of the function- be implicated in compensatory renal hypertrophy. It is
very difficult to assess the role of each of these substancesing transport molecules (NHE-3). These results are in
agreement with previous articles where, in a similar on the compensatory increase in bicarbonate transport
after a reduction of renal mass. However, an interestingmodel of tubular hypertrophy, the rise in rubidium up-
take (an index of Na,K-ATPase activity) along various observation has been unveiled from a recent study dem-
onstrating that glucagon chronically activates NHE-3 innephron segments was demonstrated to be due to an
increase in the Na pump units [24, 25]. OKP cells via a protein kinase A dependent pathway [30].
Another important determinant of LOH bicarbonateThe data in Table 2 and Figure 1 indicate that bicar-
bonate reabsorption along the LOH is load dependent, transport is systemic acid-base status. Our earlier study
demonstrated that both acute and chronic metabolic aci-and there is a significant increase in LOH bicarbonate
transport in remnant rats versus sham-operated animals. dosis stimulate LOH bicarbonate reabsorption [4]. The
data in Table 1 indicate that our remnant rats have aThe load dependence of net bicarbonate reabsorption
along the LOH demonstrated in our previous study [3] tendency to develop a state of metabolic acidosis. These
results confirm previous reports where, in a model ofis similar to that observed in other tubule segments, such
as the proximal and distal tubules [26, 27]. The existence remnant rats examined after a longer period from ne-
phrectomy (three weeks), there was the developmentof this load dependence is important to identify the
mechanism by which the LOH is signaled to increase of a frank metabolic acidosis [15]. Several studies have
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clearly shown that one of the major determinants of mediated by NHE-3 or if other transport proteins may
play a role. This is important since the microperfusionNa-H exchanger activity is metabolic acidosis; more
recent investigations also examined the NHE isoforms experiments with the inhibitor S-3226 clearly indicate
that the non-NHE-3 bicarbonate transport is also sig-regulated by acidosis and found that NHE-3 is stimulated
at the protein level [31]. Therefore, it is possible that nificantly increased. Previously, we have demonstrated
that Na-H exchange and proton pump activity arethe up-regulation of the NHE-3 gene, reported in the
present experiments, and the consequent increase of responsible for the bulk of bicarbonate reabsorption
along the LOH [5]. With respect to the proton pump,LOH bicarbonate reabsorption, may be related to the
mild metabolic acidosis developed in our experimental although a recent report by Bastani and Gluck showed
that in the remnant kidney model there was no changemodel of reduced renal mass. This interpretation is in
agreement with a previous study that directly analyzed in H-ATPase staining in the proximal tubule and thick
ascending limb [34], its role in mediating the increase inthe effect of chronic metabolic acidosis on NHE-3 at
the level of rat TAL, demonstrating enhanced NHE-3 LOH bicarbonate transport in animals with reduced re-
nal mass cannot be completely excluded. The potentialexpression, abundance and activity [20].
Table 2 shows that an increased luminal bicarbonate role of other NHE isoforms is more complex. Among
the Na-H exchanger family, NHE-2 has been locatedconcentration tends to decrease Jv. This result is related
to the larger reflection coefficient of HCO3 as compared in the cortical portion of the TAL [10]; however, thus
far its function has not been completely understood andto Cl; therefore, a rise in HCO3 concentration in the
tubular fluid would be expected to shift the balance of no data are available about its contribution in animal
models with reduced renal mass or with sustained hyper-driving force for H2O in the direction of reduced fluid
reabsorption. A similar effect also has been described filtration.
In conclusion, we demonstrate that the reduction inin other tubular segments. For example, Alpern, Cogan
and Rector found a decrease of Jv when proximal tubules renal mass is associated with increased LOH bicarbonate
reabsorption. Such an effect may be explained, at leastwere perfused with solutions of increasing HCO3 con-
centrations [32]. in part, by up regulation of NHE-3 mRNA and protein
abundance. Moreover, using in vivo micropuncture andThe use of S3226 in pump perfused LOH of remnant
rats indicates an 85% stimulation of NHE-3 as compared a specific NHE-3 inhibitor, our study shows that NHE-3
activity is significantly enhanced in the LOH of remnantto sham-operated animals (Fig. 6). Such stimulation is
larger than the 27% NHE-3 mRNA up-regulation found kidneys. These responses are important to the tubular
adaptation of increased bicarbonate filtered load andin the competitive PCR experiments (Fig. 4) and the
16% increase in NHE-3 protein abundance (Fig. 5) de- help to prevent the establishment of a significant meta-
bolic acidosis at least in the early stage of renal failure.tected by the Western blots. In addition to obvious differ-
ences between two completely different techniques, this
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